There is a vast sea of RF power amplifier linearization schemes where each scheme has its strengths and weaknesses. To date, it seems that no single scheme dominates for general-purpose use. The best scheme to use depends on many parameters such as efficiency, complexity, modulation scheme, bandwidth, Adjacent Channel Interference (ACI) specs, and dynamic range. Some commonly known RF power amplifier linearization schemes are briefly presented to familiarize the reader with this subject.
Simple linearization schemes
Perhaps the most obvious and simple way to improve the linearity of an amplifier is to increase the bias levels. From a distortion point of view, this is equivalent to reducing the signal's input level to the amplifier. An amplifier's non-linearities can be expressed using the power series shown in (1.1). Obviously as v IN decreases, the higher order terms become less important and the output more closely resembles a linear amplified version of the input signal. This brute force method comes with a price of increased DC power, or reduced 1 RF output power. The main advantages of this method are its simplicity and speed.
If a single stage amplifier's voltage gain is high, then local feedback (see Figure 1 .1) can be used for linearization; however, it's assumed that the frequency of operation is too high for there to be enough gain to make local feedback practical. Hence, local feedback prohibitively deteriorates the overall gain of the power amplifier. Since the gain of a single stage amplifier is not high enough to use local feedback, one might consider cascading several amplifiers to form one high gain globally feedback amplifier as shown in Figure 1 .2. At low frequencies, this method is used all the time (e.g. operational amplifiers). There are two reasons not to use global feedback for our application. At high enough frequencies gain isn't cheap where there are only a few dB of gain available per stage. Thus, many stages are required to obtain enough gain for feeding back which reduces the overall efficiency since each stage uses power. More importantly, we assume that the delay per RF amplifier stage is relatively large making it likely that a global feedback network will be unstable. 
Dynamic Bias
As illustrated in Section 1.1, increasing the bias to linearize an amplifier such as a class "A" amplifier is inefficient; however, increasing the bias only during times of need can be quite practical. When the amplitude of a signal is changing, the bias levels are adjusted such that the amplifier uses as little power as possible while staying within distortion tolerances. Figure 1 .3 shows one possible implementation of a dynamic bias 2 scheme that can use a class "A" power amplifier. As the input level is increased, the DC bias to the amplifier is increased. This circuit assumes that the envelope detector and the DC-DC converter are much faster than the carrier's AM envelope. A linear amplifier's 1 dB compression region can be bumped up a few dB using this method [1, 2] . Perhaps an improvement to this circuit is to use The idea is to set the attenuation such that it's just equal to the gain of the power amplifier with a very small input signal and the bias set low. As the input signal level starts to increase into the gain compression region of the amplifier, the amplifier's gain will begin to decrease. The gain decrease is sensed by the opamp, which increases the bias to compensate. When operating reasonably below the 1 dB gain compression region, this scheme has the potential to provide a linearized output as well as bump up the 1 dB gain compression region. Unfortunately, when relatively large changes in bias levels occur, undesired phase shift occurs as well. If large phase shifts occur, the linearity improvement achieved by correcting the output envelope can be corrupted by phase distortion. One solution to this problem is to simultaneously use phase feedback [4] with this amplitude feedback system 3 . Dynamic bias also can potentially reduce the baseband speed depending on how the bias control is implemented. For example, if the bias circuit consists of a DC-DC converter using a modest switching speed, the bandwidth will be quite limited.
Baseband Feedback
Since the baseband signal has a much lower bandwidth than the RF signal itself, we can reduce the bandwidth required in the feedback loop by feeding back the baseband signal rather than the RF signal. Figure 1 .5 shows a general overview of this scheme. The baseband signal is modulated onto the RF carrier and amplified by the non-ideal power amplifier. A sample of this power amplifier output is taken and demodulated. The demodulator is assumed to be completely linear, which is a good assumption if the power amplifier is the most severe non-linear element. The demodulated signal is fed back to predistort the input of the high gain baseband amplifier such that the output is linearized. The block diagram in the figure below is really just a standard feedback system. The main disadvantage of this system is narrow bandwidth 4 , and in some cases complexity. The receiver in a transceiver application can be used for the demodulator 5 . 
Distortion methods
Philosophically, all linearization schemes are distortion methods 6 , but in this context, we consider explicit input/output distortion methods.
Open-loop forms of amplitude and phase predistortion either predistort the RF signal, or predistort the baseband signal such that it directly cancels with the power amplifier's distortion as shown in Figure 1 .6. This type of open-loop predistortion can have a relatively large bandwidth with immunity to stability problems while correcting modest amounts of distortion. Due to the high bandwidth of using predistortion, this method can be easily combined with other linearization methods to obtain higher efficiency and linearity than with only one linearization method [2] .
Closed-loop predistortion, in a very general form as shown in Figure 1 .7, essentially adapts the openloop predistortion technique described above to account for variations in the power amplifier's distortion characteristics over time. Like the open-loop system, this system also has great bandwidth potential. 3 Using both amplitude and phase feedback is commonly referred to as polar feedback. 4 Due to stability issues, the bandwidth has to be restricted. More specifically, the phase margin is dominated by the phase shift through the transmitter and receiver.
5 Assumes that the receiver and transmitter are using the same modulation/frequency and the receiver isn't used during transmission.
6 Linearizing a power amplifier requires that the output signal exactly matches the input signal times a constant. Thus, if the power amplifier does not amplify linearly, either the input and/or output has to have distortion added to correct for Relative to other methods, it seems that not much research has been done regarding post distortion (see Figure 1 .8). Some success has been reported, but intuitively, one would normally steer away from post distorting the output signal since the signal is large. Modifying or linearizing a high power signal requires relatively high power, which can hurt overall efficiency. Consider a freight train whose speed is not correct. It's much easier to adjust the freight train's speed by adjusting the position of the engine's throttle (predistortion) than it is to push the train from outside (post distortion). This method can be used for correcting mild non-linearities 7 . Like predistortion, post distortion has the potential to have high bandwidth. 
Adaptive Feed Forward
As with most of the linearization methods, the feed forward technique isn't a new idea. It was invented in 1923 by Harold S. Black in an attempt to linearize telephone repeaters. Figure 1 .9 shows a block diagram of an adaptive feed forward scheme that has been used successfully to linearize many power amplifiers. To get a feel for how this method works, a non-distorted signal goes into the power amplifier and also into a variable gain/phase amplifier in Canceler#1. The adaptive system samples the power at point "A" and tweaks the gain and phase of Canceler#1 such that the power at point A is minimized. When the power is minimized, only the distortion from the power amplifier remains at point "A". This distortion then passes through canceler#2 which has its gain and phase adaptively adjusted to minimize the total power at point B. The only way to minimize the power at point B is to cancel the distortion from the power amplifier. The feed forward technique will correct for in band amplitude and phase distortion. This method is inherently stable; however, there are a couple underlying assumptions that must be true for this the non-linearity.
7 Feedforward is an indirect example of post distortion. If the distortion is minor, then the error amplifier doesn't have to work as hard to correct the power amplifier.
scheme to work. First of all, it's assumed that the power amplifier generates the dominant non-linearity. Additionally, it's assumed that the power from the distortion components is small compared to the desired signal. If the distortion components are small then the amplifier in canceler#2 can run fairly linearly with relatively little DC power usage. The cancellation scheme really only works well at one frequency. This is a good approximation if the modulated carrier bandwidth is small compared to the carrier frequency. 
Cartesian Feedback
Cartesian feedback in the form shown in Figure 1 .10 is a baseband linearization technique. The idea is to I-Q modulate the carrier before power amplification. The distorted signal is then fed back through an I-Q demodulator. The separated I and Q components are fed back to perform the linearization. Normally the limiting factor in this system is the non-linearities of the down converting mixers 8 [1] . Since the I and Q channels are the same, I and Q can be easily matched unlike polar feedback whose paths are very different making matching difficult. Perhaps the main disadvantage of this scheme is the narrow bandwidth that's somewhat inherent in baseband feedback systems.
Envelope Elimination and Restoration (EER)
This technique [5] splits the amplitude and phase information from each other as shown in Figure 1 .11. The phase information is passed directly to the power amplifier. Unlike the methods previously described where the power amplifier is quasi-linear, this power amplifier can operate completely non-linear. Because the amplifier is operated non-linearly as a switch, this method can theoretically obtain 100% efficiency. The amplitude information is ideally eliminated from the carrier before carrier amplification. During carrier power amplification, the envelope is typically restored onto the carrier by driving the RF power amplifier's bias supply with the original envelope. The phase and amplitude information have to arrive at the same time, thus the phase information is typically delayed to match the time delay between the two paths 9 [6] . There are a few disadvantages to Envelope Ellimination and Restoration (EER). Usually restoration is accomplished via biasing the power amplifier's drain voltage. As the drain voltage is varied to correct the output amplitude of the power amplifier, the phase varies also. Too much unintended phase modulation increases spectral regrowth above specifications. Another typical disadvantage of EER is the slowness of the envelope restoration feedback loop. Finally, EER only has on the order of 20-30 dB of dynamic range in practice. Even when the bias level to the power amplifier is zero, some AC power bleeds through.
Polar Feedback
Like cartesian feedback, polar feedback is a baseband feedback scheme which corrects the amplitude and phase by feeding them back separately. Envelope Ellimination and Restoration (EER) is an efficient way to linearize the amplitude while a phase feedback loop as shown in Figure 1 .12 can be used to correct the phase. As in the EER method, we must ensure that the amplitude and phase information arrive to the power amplifier at the same time. We are implementing this scheme, although, not exactly as shown below. We believe that this scheme provides the relatively high efficiency we need since the power amplifier can operate completely non-linearly. We also believe this method will be robust since it has both forms of feedback. Since both amplitude and phase are corrected in the polar feedback system, variations in temperature, load, and manufacturing should be mitigated. Unfortunately the DC-DC converter used in the EER loop usually restricts the bandwidth significantly. One severe disadvantage of this method is matching the delays of the amplitude and phase paths is not trivial. 
